The changes wilh temperature of penetration of a magnetic field into superconducting tin and mercury were studied by a method due to Casimir in which a mutual inductance with a superconducting core is measured using low-frequency currents. The results were found to be very sensitive to surface conditions, but single crystals with smooth surfaces gave reproducible measurements of A(5P)-A (2T7° K) as a function of temperature T. These were consistent with the formula A(T) = A0(l -(T/TJ4)-*, where Tc is the transition tem perature, and A0 was found to be 5-2 x 10-8 cm. for tin and 4-3 x 10-6 cm. for mercury. For tin there was no significant difference between the values of A0 for current flow in different crystal directions, though a difference of up to 20% is not excluded. For mercury there is a suggestion that A0 is about 20% higher for current flow perpendicular to the principal axis than it is for current flow parallel to the principal axis, but this difference is little more than might be due to experimental errors. There was no evidence for any dependence of A on a steady magnetic field H, though an increase of 10 % up to 80 % of the critical field is not excluded.
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I n t r o d u c t io n
The first attem pt to study the depth of penetration of a magnetic field into a super conductor of macroscopic dimensions was made by Casimir (1940) . The mutual inductance of two coils wound on a superconducting mercury core should become slightly smaller as the temperature is lowered, if the penetration depth decreases with temperature as suggested by earlier experiments on colloidal mercury (Shoenberg 1940) . The expected decrease of mutual inductance was very small, of order 0-3/iH in the apparatus of Casimir, but with the sensitive bridge used should have been easily detected. In fact Casimir found no decrease th a t could be attributed to this effect and concluded that either there was a difference in the behaviour of macro scopic and colloidal specimens, or the superconductor did not behave in the same way a t the frequency of measurement (about 8 0 c./sec.) as in the static conditions of the colloid experiments.
Since this question is of considerable importance for the phenomenological theory of superconductivity, we decided in 1946 to repeat Casimir's experiment, but before these plans had got very far Professor Casimir informed us th at he had discovered a possible reason for the negative result of his original experiment. The mercury cylinder he had used was sealed off under vacuum in a quartz tube on which the coils were wound, and this tube would have slightly increased its diameter as the external pressure was reduced in order to lower the temperature of the helium bath. An estimate showed th at this would have caused a slight increase of mutual inductance which roughly compensated the expected decrease due to the reduction of penetra tion depth. At about the same time further confirmation of the temperature variation
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of penetration depth was obtained by Desirant & Shoenberg (1948) , who measured the static magnetic properties of thin superconducting cylinders, and by Pippard (1947) , who measured the difference in r .f . skin depth in the superconducting and normal states. In view of this new evidence, the emphasis of our plans changed some what; instead of investigating the cause of a negative result-as, for instance, by varying the frequency of measurement-we concentrated on using the method to obtain accurate measurements of the change of penetration depth with temperature in various conditions. Positive results were indeed obtained with both tin and mercury, but it soon became apparent that the state of the surface of the specimen had to be carefully controlled before these results could be considered to have any intrinsic value. Early in the investigation it seemed very possible that the penetration depth was strongly dependent on the direction of current flow with respect to the crystal lattice (Laurmann & Shoenberg 1947) , and most of the subsequent work was concerned with studying this possibility; it has turned out in fact that the anisotropy, if it exists at all, is much smaller than seemed at first indicated. Another question that has been investigated is the possible dependence of penetration depth on the magnitude of a steady magnetic field superimposed on the alternating measuring field; the in dications of such an effect previously found (Desirant & Shoenberg 1948) seem to have been due to secondary causes, and the present experiments show that, up to 80 % of the critical field, the penetration depth does not increase by more than a few per cent.
D e t a il s o f e x p e r im e n t a l m e t h o d s
The measuring apparatus Since the apparatus was in most respects very similar to that already described by Casimir, only brief reference to quantitative details need be given, apart from a few points of difference in principle.
The detailed arrangement of the coil system is shown in figure 1 ; the purpose of the upper pair of coils, which are connected to give a mutual inductance opposite to the main pair, is to compensate most (usually more than 90 %) of the residual mutual inductance left over when a superconducting specimen is inserted as shown. This residual mutual inductance arises from the space occupied by the quartz tube and the gap between the specimen and the quartz, and is fairly large, about 1500/tH for a 9 mm. diameter specimen. If the whole residual mutual inductance were com pensated by a variable mutual inductance at room temperature, small changes of room temperature in the course of an experiment could (on account of thermal expansion) cause significant errors of order 0*01 /tH, and special precautions would be necessary to keep the room temperature constant; by putting most of the com pensation in liquid helium where thermal expansion effects are negligible this trouble is avoided. The quartz tube containing the coils was placed in the appendix of a Dewar vessel, which could be filled with liquid helium. It was found that slight changes of the inclination of the specimen to the quartz tube could cause appreciable changes of mutual inductance, and so to prevent rattling, the specimen was usually i p % lightly wedged with paper, the quartz tube was secured with cotton-wool plugs, and care was taken not to touch the apparatus during a series of measurements.
A Hartshorn bridge was used to measure the mutual inductance, as in Casimir's experiment. The bridge (figure 2) was fed by a phase-shift oscillator supplying alternating current of frequency 72-5 c./sec. and of good wave form. The variable mutual inductance was a Tinsley standard, which could be varied in steps of 10/tH, in series with a continuously variable mutual inductance, designed by Dr Ashmead, which could be set and read reliably to 0-01 /tH. The output of the bridge was taken through a three-stage amplifier to a Campbell vibration galvano-C \ meter.
Measurements of the in-phase component M ' of the mutual inductance proved to be very important, and could 3 be deduced from the resistance R of figure 2 by the relatio
where o) is the angular frequency. For small values of M ', the balance was not appreciably disturbed until R differed considerably from the true setting, and so a ' bracketing ' method was used to find M ' more accurately. A value of R was found for which the galvanometer de flexion was equal to th at for the switch S open (R infinite); the true value of R was then just twice as great (since for large R, r and r' may be neglected in the ' . ° (half actual s iz e ) .^ p 2, m am denominator).
and com pensating primaries
A good deal of attention had to be paid in the lay-out of 62-8 turns per cm .; s19 m ain the apparatus to screening connexions from the low-secondary 8000 turns; s2, temperature part of the apparatus to the bridge and to 40oo turns; q, quartz tube; earthing the right points of the apparatus, to avoid sp, specim en. 
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various stray capacity effects. The apparatus was very sensitive to local disturbances; some were caused by magnetic pick-up from neighbouring power cables, the band width of the detecting arrangements not being small enough to cut out 5 0 c./sec. effects completely, and some (of an irregularkind) due to some complicated effect of high-frequency radiation, as, for instance, from the neighbouring cyclotron. Most of these troubles were avoided by working at night when the disturbances were usually found to be very much smaller. The overall sensitivity was such that for 20 mA in the primary circuit (which gave a peak field of about 2 gauss at the surface of the superconductor) a change of 1/dBE mutual inductance gave a deflexion of 8 cm. of the vibration galvanometer; since in good conditions the ' zero ' deflexion (i.e. for no current in the bridge) was less than 1 mm., it was possible to detect changes of mutual inductance of less than 0*01 ju,H, i.e. somewhat beyond the accuracy with which the continuously variable mutual inductance could be read. In practice usually the mean of five readings was taken for each measurement and, as will be seen later (p. 575), the consistency of the experimental results indicated that such means had standard deviations of order 0*004/^H.
Method of reduction of observations The mutual inductance of the coil system when a superconducting rod of crosssection A and perimeter p is inserted can be written as
where M0 is the mutual inductance of the empty bottom pair of coils, m0 that of the top compensating pair (which, as was verified experimentally, was sufficiently remote to be unaffected by the presence of the superconductor), & is a constant and A is the penetration depth of a magnetic field into the superconductor. Since the radius of the superconductor is much larger than the penetration depth, the latter can be defined, independently of any assumptions about the law of penetration, as x= k l H dS' (8) where H0 is the applied field, and H is the field inside the superconductor. If now the 'temperature is varied, the only changes in M, apart from possible small corrections which will be considered later (see p. 564), arise from changes in A, and we have
where T0 is some standard temperature, usually 2*17°K in our experiments.* Thus if k and p are known, A A can be found from experimentally observed values of AM. If the primary coil and the superconducting rod can be treated as infinitely long,
where n is the number of turns per unit length, and A 0 the cross-section of the primary coil and N the total number of turns of the secondary. 
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In fact, since the prim ary coil is of finite length, m ay be appreciably less than Jc0, and its value was found experimentally both by measuring the decrease of M when a superconductor of known crogs-section area A was inserted, and frohi the slope of the straight line obtained when M is plotted against A for the 20 % range of A covered by the different specimens used. These values of k agreed to better than 1 °/0, and were about 8 °/0 lower than k0. Another estimate could be made from the measured absolute value of M0, using (5), and although it is not obvious th a t this value of k should be quite identical with th a t used in (2) it did in fact agree to 1 % with the previous estimates, and also agreed reasonably with a calculation of M0 based on the detailed dimensions of the coils.
In applying (4) to calculate AA, we shall assume th a t p = 2 where is the radius of the specimen. I t will be convenient to postpone a discussion of the validity of this assumption, equivalent to assuming a perfectly smooth surface, Until the experi mental results are considered. The value of for the tin specimens was measured directly by a micrometer, but for the mercury specimens this could not be done so easily, and A (and hence r) was deduced from the value of M a t T0, using equation (2), and the experimentally determined value of k.
Discussion of possible systematic errors
Since the measured effect is so small it is necessary to consider various possible causes of systematic error before we can have confidence th a t observed changes of M are not due to causes other than the changes of penetration depth we wish to measure.
One such cause might be a change of specimen radius due to therm al contraction. The coefficients of therm al expansion of tin and mercury a t liquid helium tem peratures have not been measured, but, on the basis of Griineisen's law, can be estimated. I t turns out th a t the lowering of tem perature from 4 to 2° K could produce a change of radius of a t most 10-7 cm. (in mercury, for which the coefficient of therm al expansion is greatest). Since this is only just comparable with the accuracy to which AA can be measured, no correction has been made for this effect.
A slightly larger effect comes from change of radius caused by the change in hydrostatic pressure of the helium bath as the tem perature is lowered; this can be calculated fairly accurately (using data of Griineisen & Sckell (1934) for solid mer cury) and the appropriate small corrections (of order 2 x 10-7 cm.) have been applied in the results.
A number of other possible sources of error were eliminated by a blank experi ment in which the specimen was removed and it was established th a t M changed by less than 0*01 /iSL when T was reduced from 4*2 to 2-l°K . This showed th a t no systematic error greater than 0*6 x 10-6 cm. could arise from any changes in the coil system, such as therm al contraction, mechanical changes, or changes of magnetic properties, associated with the reduction of tem perature. One cause of systematic error, due to the spreading of the superconducting transition somewhat below the transition temperature, will become apparent when the actual experiments are described, and is discussed later (p. 571).
Temperature measurement
The temperatures were deduced from the vapour pressure over the helium bath using the 1932 Leiden scale (Keesom 1932) ; although this scale may be in error by as much as 0*01° K in some regions, this is unimportant, since for our purposes it is only a high relative accuracy th at is required. No stirrer was used in the bath, but it was found that temperature equilibrium was quickly achieved during lowering of temperature by reducing the pressure. Rapid warming was/produced by using the main secondary coil as an electric heater, but thermal equilibrium was only slowly achieved, so all our readings were taken during cooling.
Preparation of specimens
The specimens used at liquid helium temperatures are listed in table 1* together with such relevant features as will be needed later. The various methods of preparation were as follows: (a) Cast in a glass tube under vacuum; cracked away from the glass and finally carefully machined. * Only those specimens to which reference is made in the discussion were tested. Actually twenty-five specimens in all were used in forty liquid helium experiments.
(6) Deliberately grown as a single crystal in a glass tube under vacuum by slowly lowering a surrounding furnace; a seed crystal of approximately the desired orienta tion but much smaller diameter was used in each case. When cold, the glass wall was broken away as carefully as possible and the seed and tailpiece cut off with cutting pliers; it was noticed th at the glass often cracked during the slow-cooling process. This was probably due to the sticking of the metal to the walls, causing implosion as the tin contracted on cooling.
(c) Mercury slowly cooled from the bottom in the quartz tube on which the primary coils were wound. Except on one occasion, the quartz tube was found broken at the end of the experiment each time this method was used, probably for the same reason as mentioned above for tin. I t is possible th at the breakage may have been due to expansion of the mercury on re-melting, but, since care was taken to avoid this by warming from the open end, the 'implosion' explanation is more probable. These breakages were of course very awkward, since they necessitated making a new mutual inductance on each occasion, and eventually the following two methods were tried.
(d) Mercury slowly cooled from the bottom in a separate quartz tube of smaller diameter which could be lowered into the quartz tube on which the primary coils were wound. As will be seen later, the results obtained by this method, even though considerable variations of the cooling schedule were tried, were mostly unsatis factory. In nearly every case the quartz tube was found broken a t the end of the experiment; in one or two cases when it was possible to examine the tube immediately after removal from the helium bath, but before the mercury had warmed up to liquid nitrogen temperatures, the tube was found already cracked, showing clearly th at the breakage occurred during cooling rather than warming. I t was this evidence th at eventually led to the ' implosion ' explanation, and, as will be seen later (p. 576), the same phenomenon of the mercury sticking to the quartz is probably responsible for the unsatisfactory results obtained with these specimens.
(e) Free-mercury single-crystal rods were prepared by the method of Andrade & Hutchings (1935) in which liquid mercury in a precision-bore glass tube whose internal wall has been wetted with alcohol, and closed by a steel plug a t the bottom, is slowly lowered into alcohol cooled by solid C0 2.* After solidification, the steel plug (coned to a point internally to promote growth of a single crystal) was with drawn and usually the mercury rod was found to slide out of the tube quite easily. Before inserting the rod into the experimental quartz tube (which was pre-cooled to 80° K), excess alcohol was wiped off with a rag to prevent sticking, and the rod cooled in liquid air (to avoid the danger of melting during the transfer process); the rod was handled by a long quartz rod enlarged at its bottom end which was embedded in the mercury during solidification. I t is of interest to note th at three of these rods * Owing to the larger length and diam eter o f our rods, som e slight m odifications were found necessary. The lubricating alcohol had to be m ade rather more viscous b y the addition o f glycerine and the cooling had to be com pleted rather rapidly; it seem ed th a t if the alcohol w as too 'th in ' or the cooling too slow, the lubricating alcohol w as able to drain aw ay before the mercury solidified, and thus did not prevent sticking to the glass. The rapid cooling m ay have been responsible for the fact that one of our rods proved to consist o f several rather than a single crystal. (M15, 16 and 17.) were preserved for 3 months in liquid air while arrangements for X-ray examination were being prepared.
(/) Attempts were made to grow tin crystals using a technique similar to that outlined in (e). The steel plug was replaced by a similar carbon plug, and the lubricant used was a silicone oil instead of alcohol. I t was hoped that by avoiding sticking to the walls a slightly better quality specimen might be obtained. In fact the results were no better than those obtained by (b), and, moreover, the specimen actually used proved later to be not a single crystal.
Examination of the specimens (а) Visual
Parts of the surface of the tin crystals were covered with small hemispherical pits caused either by bubbles or by shrinkage of the tin during solidification. A rough estimate showed that although these pits were numerous, they covered only a very small fraction of the surface area, and so their effect in increasing the perimeter was probably negligible. The fact that both the tin and mercury crystals appeared highly polished suggested that there were no irregularities on a microscopic scale (i.e. com parable with a wave-length of light) which might increase the perimeter. The etched specimens could be seen to be very rough, and it was not surprising that the effective perimeter of these proved to be much greater than 2nr.
(б) Electrical
Measurements of specific resistance at low temperatures were useful as a clue to the quality of the specimens, and at high temperatures as indications of crystal orientation (see below). The values of pg iven in table 1 changes of mutual inductance caused by eddy currents in the specimen, using standard formulae for the complex permeability of a cylinder in an alternating magnetic field. For tin p at 4-2°K is mostly 'residual' resistance, and the low values found confirm the high purity of the material used. It is interesting that the values of p at 4-2° K seem to be correlated strongly with the batch of tin used, but hardly at all with crystal orientation, suggesting that perhaps residual resistance is not as strongly anisotropic as ideal resistance.
For mercury, p at 4-2°K is almost entirely 'ideal' resistance, and there was an interesting contrast in the behaviour of the 'good' specimens (prepared by (e) above) and the others. For 'good' specimens the values of p were in the same ratios at 4-2° K as at 80° K, showing that the same arrangement of crystals persisted near the surface (within the skin depth of order 0*6 mm.) as in the body of the specimens. For most of the ' poor ' specimens, however, there seemed to be no correlation between the two sets of resistance values, suggesting either that strains at the surface have upset the crystal orientations there, or more probably that these strains have caused the 'residual' resistance to become so large as to be comparable with the 'ideal' resistance.
(c) Crystal orientation
For the tin crystals, the angle xjr between the tetragonal axis and the rod axis was found to within a few degrees by the etch-pit reflexion method, using either the etched specimen itself or the etched tailpiece. The specific electrical resistance p at room 568 temperature provided useful confirmation of these determinations, the ratio of the values for the 'parallel' and 'perpendicular' crystals being in good agreement with that found by Bridgeman (1925).* Some electron diffraction studies by Mr J. W. Menter on tin specimens similar to those used in the low-temperature experiments confirmed that they were single crystals within the small depth of penetration of the electrons used (~5x 10-7cm.). This eliminates the possibility th at the surface layer in which the superconducting current flows has a structure differing from the bulk of the specimen.
For mercury, the orientations were deduced from the value of at 80° K. I t can be shown (Fraser & Shoenberg 1949) that if the principal axis of a single-crystal cylinder is inclined at angle \Jr to the cylinder axis, the cylinder behaves in an alternating field as if it had an isotropic resistivity p given by
where px and p3 are the resistivities perpendicular and parallel to the p Thus, using Sckell's (1930) values, px -7*04 x 10-6flc 80° K, the orientation ^ of a cylinder can be estimated from its value of p. For M 15, 16 and 17 back-reflexion Laue X-ray studies at liquid air temperature were made by Mr J. V. Smith, and the orientations found for M 16 and 17 agreed within experimental accuracy with those deduced electrically; M 16 (in agreement with visual indications of grain boundaries) proved to consist of a t least three crystals with their principal axes roughly perpendicular to the rod. I t should be noticed th at (7) applies only to a single crystal; if the specimen contains more than one Crystal, p may have any value between px and p3, and in suc degree of preferred orientation. For instance, would indicate th at all the crystals had their trigonal axes perpendicular to the cylinder axis, and also perpendicular to a radius normal to the cylinder axis.
E x p e r im e n t a l r e s u l t s

General features
Measurements of
M and M ' (the real and imaginary parts of the mutua were made as the temperature was lowered, and typical curves are shown in figures 3, 4 and 5. In the normal state M and M ' are nearly constant, and from their values the specific resistance at 4-2° K was deduced. During the transition to supercon ductivity, both M and M ' fall rapidly over a narrow temperature interval-of order 0-01° K for a good tin specimen, 0-003° K for a 'good ' mercury specimen, and 0-02° K for a 'poor' mercury specimen. The transition temperature Tc may be taken with an uncertainty usually less than 0-001° K as the temperature at which M has completed half its descent.
For further lowering of temperature, the variation of M and M ' is very much less rapid and is shown in figures 6, 7 and 8, where the scales of ordinates are greatly if no energy is dissipated in the specimen, but owing to small dissipation elsewhere in the circuit, M' approaches a constant value (usually of order 0-2/fH) at l temperatures, and it is reasonable to assume that only AM' represents the dissipation 570 E. Laurmann and D. Shoenberg effects due to the specimen. As for AM, this should be pro explained, and, as can be seen from figures 6, 7 and 8 the changes expressed in cm. by means of (4) are of the expected order of magnitude.
It will be seen th at for M 15, AM ' has fallen to practically zero within about 001° K of Tc, but for T 9 and more so for M 9, AM' is still appreciable at much lower temperatures. The probable interpretation of a non-zero is that a very small and diminishing fraction (of order 1 in 5000 for T 9) of the metal surface remains in the normal state below Tc, and that AM ' arises from eddy-current losses in these normal regions. In other words, although most of the transition to superconductivity takes place in a narrow range of temperature, the transition actually extends a long way below this range. Now in a normal region the alternating magnetic field will penetrate very much deeper than in a superconducting region, in fact, to the order of the skin, depth, which for the frequency used is about 0*2 mm. in tin and 0*6 mm. in mercury. Thus the presence of a non-zero AM ' is an indication that the AM may be due not only to change of genuine superconducting penetration depth but partly also to ordinary skin-effect penetration in small normal regions. That this is really so is shown by the fact that AM at a given temperature was larger if AM' was larger.
Particularly large AM' values can be obtained, as already noted by Casimir, if a specimen is cooled in the earth's magnetic field. The curves marked AM2 and A in figure 6 refer to such a case, and it is evident that the part of A associated with the in-phase component AM ' 2 is quite comparable to the part with which we are concerned, arising from change of penetration depth. The large values of and AM2 are presumably due to 'freezing in ' of the earth's horizontal field in a few patches where there are holes or inhomogeneities; as the metal cools, the critical field rises and the normal patches where the trapped flux issues shrink to keep this flux constant.
To avoid this effect, the earth's field was carefully compensated (to within about 1 %) in all the basic experiments (as, for instance, in the AMx and A curves of figure 6), but a subsidiary set of readings was also taken during a second cooling in which the earth's horizontal field was uncompensated (e.g. the AM2 and A curves of figure 6 ). On the basis of these readings it was possible to estimate a correction to allow for that part of AMX associated with the in-phase component A penetration into normal regions. Thus if it is assumed that this unwanted extra part is proportional to A M ' x (and it was found that this was ro extra part is given by AM'X(AM2 -AMx) j { A -For T 9, as shown in figure 6, this produces a correction of order 10 %, and the curve AJfcorr is obtained when this unwanted part is subtracted from A This procedure was applied in all the results quoted below, but, since the accuracy of the correction is somewhat uncertain, it is not impossible that systematic errors of as much as hah the correction may still be left, and where (as for M 9) a correction of much more than 20 % is required, the results must be considered unreliable.
The 'pathology' of this 'in-phase' effect proved to be complicated, but it seems that the residual AM' effect when the earth's field has been compensated is least in specimens with the least internal stresses. Thus there was a great difference between the mercury specimens prepared by the methods (d) (M5 to 12) and (e) (M 13 to 17) above; the cracking of the quartz containers suggested th at the former were under considerable stress and the AM ' values for most of these were high occasionally with the high values obtained when the earth's field was uncompensated. The free rods, however, of which figure 7 represents a typical example, had almost negligible values of AM ' except very close to Tc. As already mentioned the transition curves for the bad specimens were much broader than those for good specimens, again suggesting a worse state of internal stress. A further indication th at AM ' is associated with some sort of defect is that generally (though not always) the AM ' values with the earth's field compensated are highest for specimens where lack of compensation during cooling has the biggest effect in increasing thus for some of the free mercury rods where AM ' was almost negligible the earth's field had hardly any effect either, except very close to Tc.
For any one specimen, the AM ' values were not always reproducible from one experiment to another, and sometimes even within the same liquid helium run the AM ' values became twice as large (and the AM values increased correspondingly) in a second cooling, although the earth's field was compensated throughout.* Occasionally it was found possible to reduce AM ' considerably by temporarily increasing the measuring current enough to start destruction of superconductivity. These various effects suggest that the normal regions responsible for AM ' are not very stable, and that their formation and,arrangement may depend on rather trivial factors, but no detailed explanation of all the observed peculiarities has been found.
In the above description no mention has yet been made of the importance of the measuring current i. Where AM ' was negligible, AM was accurately independent of i, but where AM ' was appreciable, both AM and AM ' usually increased with i, presumably due to the magnetic field of the current increasing the fraction of normal metal present. When the correction for AM ' was not too big, it was found th at the corrected AM was usually practically independent of which gave confidence in the reliability of the correction, and our procedure was to use the highest value of i which did riot cause too big a value of AM '. For about 0-01° K below Tc, i had to be less than 5 mA, and it was usually impossible to get reliable readings of M and M ' closer than this to Tc, both because only poor accuracy could be obtained with values of i below 5 mA, and because, owing to spread of the transition, AM ' was nearly always large in this region. For lower temperatures the value of could be increased, and usually it was possible to use 20 mA for temperatures more than 0-02° K below Tc; there was usually no gain in accuracy in going beyond 20 mA. which fits the mercury colloid results well (Shoenberg 1940; Daunt, Miller, Pippard & Shoenberg 1948) . From this relation it follows that
Quantitative data
so it is appropriate to plot experimental values of AA against where
rather than against T itself.
Good linear plots are in fact obtained, as shown in figures 9 and 10, for some examples which are discussed below; the intercept on the AA axis gives A (2-17° K) and the slope gives A0, the penetration depth at 0° K, if the relation (8) is true. This proviso is necessary, since in fact most of the experimental points are for T close to Tc,and an almost equally good straight line (but of different slope) would be obtained if the 4 in (8) were replaced by 3 or 5, so that (8) cannot be regarded as more than roughly confirmed by our experiments.
All the experiments have been analyzed by this method and the results are sum marized in table 2. Usually a least-squares analysis has been made and the slope A0 and intercept, A (2*17°K), are given together with their standard deviations. Where the results are required only for qualitative discussion, only the slope obtained from a graphical plot is quoted and no standard deviation is given. Before making a least-squares analysis each set of data was plotted graphically, and in some cases a few points for very high z, which lay obviously off the straight line plot, were rejected. Such departures could be due' either to small errors in T or Tc (for instance, 3 % error in za t z = 7 is caused by 0*001° K error in T or Tc) or to inaccurat tion of the in-phase correction, which usually increases with z (the obvious departures from linearity were usually most marked in experiments where this correction was large). For each series we quote the highest value of z used in the analysis, and the size of the in-phase correction at that point, which as already mentioned gives an idea of the possible systematic error.
D is c u s s io n o f r e s u l t s
As can be seen from table 2, the slope estimates of A0 are much more reliable than the intercept estimates of A (2* 17° K), and so, apart from noting that the estimates of A (2*17° K) are of the right order of magnitude and usually reasonably close to A0(l -(2*17/jPc)4)-* (this is 1*04A0 for mercury and 1*06A0 for tin), we shall make no further use of the intercepts.* The values of p, the standard deviation of any single point from the linear plot, are surprisingly low, ranging from 15 to 50 A; these corre spond to from 0*0025 to 0*0085 /tH expressed in mutual inductance, and as already mentioned (p. 563) are slightly lower than the precision with which any individual setting can be read. Where any specimen has been measured on more than one occasion even after a long interval the consiatency is reasonably satisfactory (e.g. see results for T 5 and T 9), which gives added confidence in the significance of the results.
In our early experiments the large difference in A0 between M 2 and M 3 suggested that perhaps these two specimens had different crystal orientations and that A0 depended strongly on the direction of the superconducting current relative to the crystal axes (Laurmann & Shoenberg 1947) .! Most of the subsequent experiments were directed to investigating this suggestion, and it soon became very unlikely that all the difference between M 2 and M 3 could be due to such an anisotropic effect. For instance, M 4, 7 and 8 all had approximately the same specific resistance at 80° K and so presumably the same kind of arrangement of crystals, and yet the values of A0 are very different. I t became in fact much more likely that these differences and also the originally noted difference between M2 and M 3 were due to surface con ditions. More direct evidence of the lack of any marked anisotropy was eventually obtained from the 'good' specimens M 13 to 17, which although clearly varying in crystal orientation show nearly equal values of A0.
The importance of surface conditions was strikingly brought out by the behaviour of T 1 after acid etching. As can be seen from figure 9 and table 2, the apparent pene tration depth goes up by a factor of 3*4, presumably due to roughening of the surface, which effectively increases the perimeter round which the superconducting current 576 flows. That the magnification is due entirely to surface conditions was further demonstrated by the fact that the original results were reproduced when the surface was made smooth again by electrolytic polishing. I t thus seems probable th at the anomalously large values of A0 found with some of the mercury specimens are due to cracking of the surface associated with sticking of the mercury to the quartz con tainer as it cools (as already mentioned on p. 566).
It is possible that surface conditions are responsible for a misleading appearance of anisotropy for the tin crystals too. Thus our first experiments indicated a difference between the results for the 'perpendicular' crystals T 3 and T 5 (average A0 = 5-71 x 10_6cm.), and the 'parallel' crystals T l , T 6 and T 9 (average A0 = 5-21 x 10~6 cm.), which, even allowing for possible systematic errors associated with the in-phase correction, seemed significant. Once we were aware of the possi bilities of mistaken interpretation due to poor surface conditions,-we remeasured T 1, T3 and T5 after electrolytic polishing, and it can be seen th at no significant difference remains (if anything, there is a suggestion of anisotropy in the opposite sense). It is interesting that although A0 for the perpendicular crystals is reduced by polishing there is no such reduction for the parallel crystal, suggesting th at perhaps surface cracks occur more easily in perpendicular than in parallel crystals. Such cracks must presumably be on a submicroscopic scale, since all the crystals had the same highly polished appearance even before electrolytic pohshing. I t was hoped th at T 10, prepared by the method which proved so successful with mercury, might have a more nearly perfect surface than T 3 and T 5, but actually there was no significant improvement.
The early measurements on the machined tin cylinder T 0 are included in table 2 for completeness; the results for TO seem to indicate a slightly higher value of A0 than do the best crystals; this may be due to slight roughness or to the fact th at Tc was not directly measured and had to be estimated from the results themselves, which can easily cause a systematic error of a few per cent in A0.
If A is indeed slightly anisotropic, and Ax and A3 are the penetration depths for current flow perpendicular and parallel to the principal crystal axis respectively, the observed penetration depth for a 'parallel' crystal should be Ax (since the current flows everywhere perpendicular to the rod axis). For a 'perpendicular' crystal, however, the penetration depth varies round the circumference, and the observed penetration is an average between Ax and A3; as shown elsewhere (Fraser & Shoen berg 1949) the appropriate average for slight anisotropy is the arithmetic mean |(AX + A3). More generally, for a crystal whose principal axis is inclined at angle \Jr to the rod axis, we should find an effective penetration A0 given bŷ 0 = i((^i + ^3)+ (^i -A3) cos2^).
(II)
Thus any observed difference in A0 for parallel and perpendicular single crystals represents only half the difference between Ax and A3. For tin, bearing in mind the rather large uncertainties due to in-phase corrections and assuming that the electrolytically polished specimens have perfect surfaces, the difference between Ax and A3 is unlikely to exceed 20 %, and there is no definite indication which is the bigger. For mercury, considering only the good specimens M 13 to 17, figure 11 shows that there is some correlation between A0 and the value of p at 80° K. As can be seen from (7) and (11), both A0 and p should vary in the same way with orientation, and it is probably justified to suppose that even for specimens consisting of several crystals (such as M 15) A0 and p are affected by any preferred orientation in the same way; thus we should expect, if A is anisotropic, to find a linear relation between A0 and p. On the basis of the straight line drawn in figure 11 , it follows that Ax = 4-5 x 10~6 cm. and A3 = 3-8 x 10_<Jcm., but this interpretation is speculative, since the random errors of the measurements and possible systematic errors due to surface conditions are of the same order as the observed differences of A0.
Penetration of magnetic field into superconductors. I I 577 As regards absolute mean values, we estimate A0 = 5*2 x 10-6 cm. for tin and 4-3 x 10~6cm. for mercury (for a polycrystal we should have A0 = ^(2AX + A3)). If surface cracks are still present even in the polished tin and the 'good' mercury specimens, these may be overestimates, though the general agreement between specimens makes this improbable. It should be remembered, too, that A0 has been calculated on the assumption that (8) applies, which has been reliably confirmed only for mercury; if (8) breaks down at low temperatures, A0 will no longer mean the value of A at 0°K, but merely the parameter which fits the data to equation (9) best.
These estimates of A0 for tin and mercury may be compared with some previous estimates. The only previous direct estimate of A0 for mercury was that of Desirant & Shoenberg (1948) based on the susceptibility of thin cylinders and gave A0 = !• 6 x 10~6 cm., which is nearly twice as big as the present estimate. Probably the discrepancy arises because of the troublesome effects described above which occur when mercury is cooled in a container. In the susceptibility method there was no 'tell-tale' such as the 'in-phase' effect to show that anything was wrong, and since a large number of cylinders were always used simultaneously, probably the ratio 7-6 to 4-3 represents some average magnification effect. Whether this magni fication is due to a direct increase of perimeter caused by cracked surfaces or to the extra penetration in normal regions persisting below Tc (the earth's magnetic field was not compensated) cannot be decided. Indirect estimates of A0 for mercury have 38-2 been made by Pippard (1947) from the r .f . resistance and reactance a t 1200Me./sec., and have also indicated a value of about 7*5 x 10~6 cm. Since it is improbable th a t our estimate can be too low, this discrepancy suggests th at Pippard's interpretation of his r .f . results may need revision.
In view of their high estimate of A0, Desirant & Shoenberg's (1948) discussion of Ginsburg's (1945) interpretation of the critical field measurements on thin mercury films by Appleyard, Bristow, London & Misener (1939) requires revision. Combining the present results with the thin film data, Ginsburg's theory gives ? (defined as 8n ( ocn -oc8)/H%where < xn and as are the surface tensions a t a bo between an insulator and the normal and superconducting phases respectively) as 7 x 10-6 cm. at 0° K, and rising roughly proportionally to A with rise of temperature. This agrees qualitatively with Ginsburg's own interpretation based on the thin film results alone.
For tin, there have been several previous measurements. The above-mentioned method of Desirant & Shoenberg was applied to one specimen of thin tin cylinders in pyrex capillaries and gave rather higher values of AA than the present experiments, probably partly for the same reasons as in the case of mercury, and partly because the specimen had a spread-out transition and an abnormally high value of T c. A much more precise determination was th at of Pippard (1947) , based on the change of reactance of a superconducting resonator at 1200Mc./sec. when superconductivity is destroyed by a magnetic field. This method could not be applied directly to mercury owing to the variation of the normal resistance with temperature; the interpretation is far more direct than for the other r ' .f . measurements mentioned above. The tem perature variation of A A deduced by Pippard is shown in figure 9,* and it can be seen th at below z = 2 his results agree well with our T 1 results. The divergences a t h z may be due to inadequacy of the theoretical correction used to allow for the effect of 'normal ' electrons, which should, however, be important only for high z (when the proportion of normal electrons grows rapidly). Evidence for the inadequacy of the theory in this region comes from more recent work at 9200Mc./sec. (Pippard 1948) , which shows that the theory, although qualitatively describing the results, does fail in quantitative details.
The only other study of penetration effects in tin is th at of Shalnikov & Sharvin (1948) , who used a method in which the temperature of an ellipsoid in a steady mag netic field was oscillated, and the resulting e.m.f. in a surrounding coil due to oscillations of penetration depth observed. Absolute values of A were deduced by integration and extrapolation processes, and show a good linear dependence on z, in agreement with (8). The value of A0 is, however, 11-7 x 10~6cm., which is more than twice our value. Since the method has no 'tell-tale' like our in-phase measure ment to give warning of extraneous effects due to normal regions, and since the specimen used by Shalnikov & Sharvin was prepared in a way which might cause roughness of surface on a microscopic scale, it is unlikely th at the observed high value is genuine. * It is probable th at the specim en used consisted o f a single crystal or a few large crystals, b ut nothing is known o f the orientation.
Our absolute values of A0, which the above discussion suggests are the most reliable available, may be translated into an effective number of ' superconducting ' electrons, ns per cm.3, on the basis of the London & London (1935) relation where m is the effective mass of such electrons. We can, therefore, deduce the value of the ratio where n is the number of atoms per cm.3 and ra0 is the ordinary electronic mass. Putting in numerical values, we find r = 0-30 for tin and -0-35 for mercury at 0° K. If we suppose m -m0, this means that for both metals only about one from every three atoms is effective, or if we suppose all the valence electrons are effective m = 5-7m0 for mercury and m = 13-3ra0 for tin.
It has been suggested that A may depend on the strength of an applied magnetic field, i.e. on the strength of the superconducting current (Ginsburg 1947) . This can be investigated by looking for a change of M without a corresponding change of M' on application of a steady field H parallel to the specimen axis. To eliminate the change of M ' caused by coupling of the circuit of the field-producing solenoid, readings were taken both with and without the battery in circuit, but with the circuit closed in both cases. A good deal of trouble was encountered owing to small variations of solenoid current which caused unsteadiness of the bridge zero, and though the use of a stud switch variable resistance rather than a rheostat to control the current improved the steadiness, it was possible to work with only small fields, i.e. only at temperatures close to Tc. Figure 12 shows the results obtained with M 16 at 4*075° K. It can be seen that an appreciable apparent change of A occurs only fairly close to the critical field Hc, and that just there, small changes of A' (i.e. of M'\ AA' is obtained from A by equation (4)) begin to occur. If, in the usual way, a correction for AA' is applied (in this case a factor of 1-04 is appropriate), practically no significant change of M remains up to 90 % of the critical field. Unfortunately, the measurements of A were less accurate in this experiment than usual owing to the above-mentioned diffi culties and to the necessity of using small measuring current amplitudes; since, moreover, the correction factor is rather uncertain, the existence of a real effect is not quite excluded. All that can be definitely said is that the change of penetration depth with field is certainly less than 2 x 10~6 cm., i.e. less than 10 % of the penetra tion depth itself up to 80 % of Hc, and there is no convincing evidence of any increase up to 90 % of Hc. Beyond 90 % of Hc the losses rise so steeply that no conclusions can be drawn.
Similar results were found at 4-091 and 4-123°K for the same specimen, and for M 15 at 4-122°K, while for M 3 a steep apparent rise of penetration depth began much earlier (at 60 % Hc) but was accompanied by a steep rise of AM ', A = (wc2/4/rwse2)i,
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probably not significant. Presumably these rises in as Hc is approached have the same meaning as for approach to Tc in the temperature-v a growth of the fraction of metal in the normal state.
